Analysis of directed flow (v1) of protons, antiprotons and pions in heavy-ion collisions is performed in the range of incident energies √ sNN = 2.7-27 GeV. Simulations have been done within a threefluid model employing a purely hadronic equation of state (EoS) and two versions of the EoS involving deconfinement transitions: a first-order phase transition and a smooth crossover transition. High sensitivity of the directed flow, especially the proton one, to the EoS is found. The crossover EoS is favored by the most part of considered experimental data. A strong wiggle in the excitation function of the proton v1 slope at the midrapidity obtained with the first-order-phase-transition EoS and a smooth proton v1 with positive midrapidity slope, within the hadronic EoS unambiguously disagree with the data. The pion and antiproton v1 also definitely testify in favor of the crossover EoS. The results obtained with deconfinement EoS's apparently indicate that these EoS's in the quark-gluon sector should be stiffer at high baryon densities than those used in the calculation.
I. INTRODUCTION
The directed flow [1] of particles has been one of the key observables, since first data on the heavy ion collisions became available at the Bevalac. Nowadays it is defined as the first coefficient, v 1 , in the Fourier expansion of a particle distribution, d
2 N /dy dφ, in azimuthal angle φ with respect to the reaction plane [2, 3] 
where y is a longitudinal rapidity of a particle. The directed flow is mainly formed at an early (compression) stage of the collisions and hence is sensitive to early pressure gradients in the evolving nuclear matter [4, 5] . The harder EoS is, the stronger pressure is developed. Thus the flow reflects the stiffness of the nuclear EoS at the early stage of nuclear collisions [6, 7] , which is of prime interest for heavy-ion research. A retrospective review and a survey of new developments in the field of the collective flow is presented in recent article [8] .
The directed flow has been extensively exploited to obtain information on the EoS. In particular, it was predicted that the first-order transition to the quarkgluon phase (QGP) results in significant reduction of the directed flow [9] [10] [11] (the so-called "softest-point" effect), because the pressure gradients in the mixed phase are lower than those in pure hadronic and quark-gluon phases. The v 1 data [12, 13] from the BNL Alternating Gradient Synchrontron (AGS) indeed demonstrate a graduate fall of the slope of v 1 (y) at midrapidity with * e-mail: Y.Ivanov@gsi.de † e-mail: saa@ru.net the incident energy rise from √ s N N = 2.7 GeV (E lab = 2 A·GeV) to 4.3 GeV (E lab = 8 A·GeV). This finding was further developed within fluid-dynamical models [14, 15] . It was found that the directed flow as a function of rapidity exhibits a wiggle near the midrapidity with a negative slope near the midrapidity, when the incident energy is in the range corresponding to onset of the first-order phase transition. This occurs because the event shape at these energies resembles an ellipsoid in coordinate space, tilted with respect to the beam axis. This ellipsoid expands predominantly orthogonal to its short dimension, forming a so-called "third component" [14] or "antiflow" [15] near the midrapidity. When the softest point is passed, i.e. the incident energy is above that corresponding to the onset the first-order phase transition, the midrapidity v 1 slope reaches a maximum. After that the v 1 slope decreases again [10, 11, 15, 16] . Thus, the wiggle near the midrapidity and the wiggle-like behavior of the excitation function of the midrapidity v 1 slope were put forward as a signature of the QGP phase transition. Measurements of the directed flow by the NA49 collaboration [17] at the CERN Super Proton Synchrotron (SPS) had insufficient statistics to draw definite conclusions on presence or absence of such a v 1 wiggle at the midrapidity. However, the midrapidity v 1 wiggle can have a different physical origin. The QGP EoS is not a necessarily prerequisite to reach the stopping needed to create this tilted source [18] . A combination of space-momentum correlations-characteristic of radial expansion together with the correlation between the position of a nucleon in the fireball and its stopping-may result in a negative slope in the rapidity dependence of the directed flow in high-energy nucleus-nucleus collisions.
The elliptic flow, v 2 , and the triangular flow, v 3 , have been extensively studied both theoretically and experimentally in the last years by about five orders of magnitude in the collision energy √ s N N [19] . In contrast, apart from first measurements and till recent times, the directed flow was insufficiently experimentally studied to check the above predictions. The interest in the directed flow has recently been revived due to new data obtained by the STAR collaboration within the framework of the beam energy scan (BES) program at the BNL Relativistic Heavy Ion Collider (RHIC) [20] . The directed flow of identified hadrons-protons, antiprotons, positive and negative pions-has been measured with high precision for Au+Au collisions in the energy range √ s N N =(7.7-39) GeV. These data together with earlier experimental results from the AGS [12, 13] and SPS [17] provide a basis for theoretical analysis of the directed flow in a wide energy range.
These data have been already addressed in Refs. [21, 22] . The Frankfurt group [21] confined itself to incident energies √ s N N < 20 GeV. However, the authors of Ref. [21] did not succeed to describe the data and to obtain conclusive results. Within a hybrid approach [23] , the authors found that there is no sensitivity of the directed flow on the EoS and, in particular, on the existence of a first-order phase transition. The reason of this result can be that the initial interpenetration stage of the collision is described within the Ultrarelativistic Quantum Molecular Dynamics (UrQMD) [24] for all scenarios (with and without transition to the QGP) in the hybrid approach [23] . Because of the UrQMD model the effective EoS during this stage is purely hadronic. Only later, when transition from initial UrQMD transport to the fluid dynamics happens, different scenarios start to differ. As mentioned above, the directed flow is mainly formed at the early stage of the collisions [4, 5] . Therefore, in all scenarios considered in the hybrid approach [23] the directed flow was mainly formed at the purely hadronic UrQMD stage, thus exhibiting similar results for different scenarios.
In Ref. [22] the new STAR data were analyzed within two complementary approaches: kinetic transport approaches of the parton-hadron string dynamics (PHSD) [25] and the hadron string dynamics (HSD) [26] ), and a hydrodynamic approach of the relativistic three-fluid dynamics (3FD) [27, 28] . The PHSD model includes a crossover-type transition into the QGP, while the HSD one is a purely hadronic version of the PHSD. The 3FD simulations were preformed with two EoS's: a purely hadronic EoS [29] and a EoS with a crossover transition into the QGP [30] . It was found that the directed flow is sensitive to the EoS. The crossover scenario within both the PHSD and 3FD provides the best (but not perfect) results being in a reasonable agreement with the STAR data.
In the present paper we extend the analysis performed in Ref. [22] within the 3FD model. Results for a EoS with a first-order phase transition [30] are reported. The AGS [13] and SPS [17] data are considered in detail on equal footing with the new STAR results. Computations are performed with somewhat higher accuracy, i.e. a finer grid and larger numbers of test particles 1 , even than that in Ref. [22] . In contrast to other observables, the directed flow is very sensitive to the accuracy settings of the numerical scheme. Accurate calculations require a very high memory and computation time. In particular, due to this reason we failed to perform calculations for energies above √ s N N = 30 GeV. Note that the change of other observables, analyzed so far [28, [31] [32] [33] [34] [35] [36] , due to higher accuracy is below 15% as compared to results of previous calculations.
II. THE 3FD MODEL
The 3FD model [27] is an extension of a two-fluid model with radiation of direct pions [37] [38] [39] and a (2+1)-fluid model [40, 41] . These models have been further elaborated to include a baryon-free (so called fireball) fluid on an equal footing with the baryon-rich ones. A certain formation time was introduced for the fireball fluid, during which the matter of the fluid propagates without interactions. The formation time is associated with a finite time of string formation and decay and is incorporated also in the kinetic transport models such as PHSD/HSD [25, 26] and UrQMD [24] .
The 3FD model [27] describes a nuclear collision from the stage of the incident cold nuclei approaching each other, to the final freeze-out stage. Contrary to the conventional one-fluid dynamics, where a local instantaneous stopping of matter of the colliding nuclei is assumed, the 3FD considers an inter-penetrating counterstreaming flows of leading baryon-rich matter, which gradually decelerate each other due to mutual friction. The basic idea of a 3FD approximation to heavy-ion collisions [42, 43] is that a generally nonequilibrium distribution of baryon-rich matter at each space-time point can be represented as a sum of two distinct contributions initially associated with constituent nucleons of the projectile and target nuclei. In addition, newly produced particles, populating predominantly the midrapidity region, are associated with the fireball fluid. Therefore, the 3FD approximation is a minimal way to simulate the early-stage nonequilibrium state of the colliding nuclei at high incident energies.
Friction forces between fluids are the key ingredients of the model that determine dynamics of the nuclear collision. The friction forces in the hadronic phase were estimated in Ref. [44] based on experimental inclusive proton-proton cross sections. In order to reproduce the baryon stopping at high incident energies, this estimated friction between counter-streaming fluids was enhanced within the hadronic scenario [28] . Though such enhancement is admissible in view of uncertainties of the estimated friction, the value of the enhancement looks too high. In deconfinement scenarios there is no need to modify the hadronic friction [28] . This can be considered as an indirect argument in favor of such scenarios. At the same time, the friction forces in the QGP are purely phenomenological. They were fitted to reproduce the baryon stopping at high incident energies within the deconfinement scenarios. There are no theoretical estimates of the QGP friction in terms of the QGP dynamics so far. A parton cascade model [45] offers a possible ground for such estimate. This approach predicts a fast kinetic equilibration (on a scale of 1 fm/c) mainly driven by the inelastic processes. Therefore, a reasonably strong QGP friction can be anticipated in this approach. Another promising way for such estimate can be based on an effective string rope model [46, 47] . Proceeding from coherent Yang-Mills field theoretical approach, this model introduces an effective string tension based on Monte-Carlo string cascade and parton cascade model results. The effective string tension causes substantial baryon stopping in heavy-ion collisions. In particular, for semi-central collisions this model predicts formation of a compact initial QGP fireball in the form of a tilted disk. Thus, it naturally explains the origin of the above-discussed "antiflow" or "third flow component". Different EoS's can be implemented in the 3FD model. All three fluids are described by the same EoS (chosen for the simulation), of course, with their specific values of the thermodynamic quantities. At the initial stage of the reaction all three fluids coexist in the same space-time region, thus describing a certain nonequilibrium state of the matter. It may happen that one or two of the fluids occur in the quark-gluon phase while other(s) is(are) in the hadronic one. This is a kind of a nonequilibrium mixed phase that is also possible in the model. A key point is that the 3FD model is able to treat a deconfinement transition at the early nonequilibrium stage of the collision, when the directed flow is mainly formed, as it was mentioned above. This makes 3FD predictions for v 1 , at least, sensitive to the used EoS.
In this work we apply a purely hadronic EoS [29] , an EoS with a crossover transition as constructed in Ref. [30] and an EoS with a first-order phase transition into the QGP [30] . In recent works [28, [31] [32] [33] [34] [35] [36] ] an analysis of the major part of bulk observables has been performed with these three EoS's: the baryon stopping [28, 34] , yields of different hadrons, their rapidity and transverse momentum distributions [31, 32] , as well as the elliptic flow excitation function [35, 36] . Comparison with available data, including those at RHIC energies, indicated a definite advantage of the deconfinement (crossover and firstorder) scenarios over the purely hadronic one especially at high collision energies. However, predictions of the crossover and first-order-transition scenarios looked very similar so far. Only a slight preference could be given to the crossover EoS, though the latter does not perfectly reproduced the data either. The physical input of the present 3FD calculations is described in detail in Ref. [28] . No tuning (or change) of physical 3FD-model parameters has been done in the present study as compared to that stated in Ref. [28] . A more detailed discussion of the features of the 3FD model can be found in Refs. [27, 28, 36] .
III. DIRECTED FLOW WITHIN ALTERNATIVE SCENARIOS
As mentioned above, calculations of the directed flow require a high numerical accuracy, i.e. a fine computational grid and a large number of test particles. This high accuracy is needed to accurately describe the initial stage of the collision, where pressure gradients in the evolving nuclear matter are high. The accuracy at this stage is decisive for the directed flow because the latter is mainly formed at the early nonequilibrium stage of the collisions. The accuracy requirements result in a high computation memory consumption that rapidly increases with the collision energy, approximately as ∝ s N N , and a long computation time, ∝ (s N N ) 3/2 . The reason of this rapid rise is the Lorentz-contraction of incident nuclei, as it is described in Ref. [27] in detail. On the one hand, the grid in the beam, Lorentz-contracted direction should be fine enough for a reasonable description of the longitudinal gradients of the matter. From the practical point of view, it is desirable to have 60 cells on the Lorentz-contracted nuclear diameter 2 . On the other hand, to minimize a numerical diffusion in the computational scheme, an equalstep grid in all directions (∆x : ∆y : ∆z = 1 : 1 : 1) should be taken, in spite of Lorentz-contraction of incident nuclei, which is quite strong at high energies. This choice makes the scheme isotropic with respect to the numerical diffusion. However, it makes the grid too fine in the transverse directions and thus results in high memory consumption. The need of the equal-step grid in all directions for relativistic hydrodynamic computations within conventional one-fluid model was pointed out in Ref. [48] . As it was demonstrated there, the matter transport becomes even acausal if this condition is strongly violated.
In the simulations the acceptance p T < 2 GeV/c for transverse momentum (p T ) of the produced particles is applied to all hadrons at all considered incident energies. In the 3FD model, particles are not isotopically distinguished; i.e., the model deals with nucleons, pions, etc. rather than with protons, neutrons, π + , π − and π 0 . Therefore, the v 1 values of protons, antiprotons and pions 2 Though, only 40 cells per the Lorentz-contracted nuclear diameter were possible to implement at √ s NN > 10 GeV in order to confine the required memory and thus to complete the computation in a reasonable time. The directed flow v 1 (y) as a function of rapidity y at BES-RHIC bombarding energies is presented in Fig. 1 for pions, protons and antiprotons. As seen, the 3FD model does not perfectly describe the v 1 (y) distributions. However, we can definitely conclude that the best overall reproduction of the STAR data is achieved with the crossover EoS. The first-order-transition scenario gives results which strongly differ from those in the crossover scenario, especially for the proton v 1 . This is in contrast to other bulk observable analyzed so far [28, [31] [32] [33] [34] [35] [36] .
At √ s N N ≤ 20 GeV the the crossover EoS is certainly the best in reproduction of the proton v 1 (y). However, surprisingly the hadronic scenario becomes preferable for the proton v 1 (y) at √ s N N > 20 GeV. A similar situation takes place in the PHSD/HSD transport approach. Indeed, predictions of the HSD model (i.e. without a deconfinement transition) for the proton v 1 (y) become preferable at √ s N N > 30 GeV [22] , i.e. at somewhat higher energies than in the 3FD model. Though, the difference between the PHSD and HSD results for protons is small at these energies. Moreover, the proton v 1 predicted by the UrQMD model, as cited in the experimental paper [20] and in the recent theoretical work [21] , better reproduces the proton v 1 (y) data at high collision energies than the PHSD and 3FD-deconfinement models do. Note that the UrQMD model is based on the hadronic dynamics. All these observations could be considered as an evidence of a problem in the QGP sector of a EoS. However the pion and antiproton v 1 contradict such a conclusion. Indeed, the pion and antiproton directed flow definitely indicates a preference of the crossover scenario at the same collision energies within both the PHSD/HSD and 3FD approaches.
This puzzle has a natural resolution within the 3FD model. The the QGP sector of the EoS's with deconfinement [30] was fitted to the lattice QCD data at zero netbaryon density and just extrapolated to nonzero baryon densities. The protons mainly originate from baryon-rich fluids that are governed by the EoS at finite baryon densities. The too strong antiflow at √ s N N = 27 GeV may be a sign of too soft QGP EoS. Note that a weak flow or antiflow indicates softness of a EoS. Predictions of the first-order-transition EoS, the QGP sector of which is constructed in the same way as that of the crossover one, fail even at lower collision energies, when the QGP starts to dominate in the collision dynamics, i.e. at √ s N N ∼ > 15 GeV. This fact indirectly supports the conjecture on a too soft QGP sector at high baryon densities in the used EoS's. At the same time, the baryon-free (fireball) fluid is governed by the EoS at zero net-baryon density. This fluid is a main source of antiprotons (∼ 80% near midrapidity at √ s N N = 27 GeV and b = 6 fm), the directed flow of which is in good agreement with the data at √ s N N = 27 GeV within the crossover scenario, and in a reasonable agreement even within the first-ordertransition scenario. It is encouraging because at zero net-baryon density the QGP sector of the EoS's is fitted to the lattice QCD data. The pions are produced from all fluids: near midrapidity ∼ 50% from the baryon-rich fluids and ∼ 50% from the baryon-free one at √ s N N = 27 GeV. Hence, the disagreement of the pion v 1 with data is quite moderate at √ s N N = 27 GeV. As seen from Fig. 1 , the deconfinement scenarios are definitely preferable for the pion v 1 (y). The pion data at 7.7 GeV are slightly better reproduced within the firstorder-transition scenario, while at 27 GeV the crossover scenario is preferable. The antiproton v 1 (y) data testify in favor of the crossover scenario, except for the energy of 7.7 GeV, where all scenarios equally fail. It should be taken into account that the antiproton multiplicity in the mid-central (b = 6 fm) Au+Au collision at 7.7 Gev is 1 within the deconfinement scenarios and 3 within the hadronic scenario. Therefore, the hydrodynamical approach based on the grand canonical ensemble is definitely inapplicable to the antiprotons in this case. Figure 2 displays a comparison of the calculated proton and pion directed flow from mid-central Pb+Pb collisions with the NA49 data [17] obtained at the SPS. The comparison definitely testify in favor of the deconfinement scenarios, though it is difficult to choose between the first-order-transition and crossover scenarios. While the deconfinement scenarios give a reasonable agreement with the proton v 1 (y) in the whole range of rapidities, the pion v 1 (y) is well reproduced only in the midrapidity region. The calculated pion v 1 (y) manifests a wiggle in the midrapidity region while the data are monotonous functions of y. A similar situation takes place at two lower collision energies in Fig. 1 . A probable reason for this poor reproduction of the pion v 1 at peripheral rapidities is that the hydrodynamic freeze-out disregards shadowing of a part of the frozen-out particles by still hydrodynamically evolving matter. This mechanism was discussed in Refs. [7, 50] . The shadowing means that frozen-out particles cannot freely propagate through the region still occupied by the hydrodynamically evolving matter but rather become reabsorbed into the hydrodynamic phase. This shadowing is especially effective at the peripheral rapidities, where slowly-evolving nearspectator baryon-rich blobs prevent pions with p x > 0 at y > 0 and p x < 0 at y < 0 from escaping (here p x is the transverse momentum in the reaction plane) 3 . This makes the pion v 1 slope opposite in sign to the proton v 1 slope at the peripheral rapidities. The hydrodynamic freeze-out does not take into account this shadowing, and hence, the hydrodynamic pion and proton v 1 slopes at the peripheral rapidities are of the same sign. The directed flow v 1 (y) for protons from mid-central Au+Au collisions at various collision energies from √ s N N = 2.7 to 4.3 GeV (E lab = 2, 4, 6 and 8 A·GeV) calculated with different EoS's and its comparison with experimental data from the E895 collaboration [13] are presented in Fig. 3 . As seen, at √ s N N = 2.7 GeV predictions of all EoS's are identical (as it is expected) and are in good agreement with the data. With the collision energy rise the predictions of different EoS's start to differ. First, the crossover v 1 (y) decouples from two others because the QGP fraction starts from very low densities in the crossover EoS while the 1st-order phase transition in the corresponding EoS is not reached yet. At the same time, the agreement with the data worsens with the collision energy rise. The QGP fraction moves the crossover v 1 (y) closer to the data, though insufficiently close.
The E895 collaboration also presented the data [13] in terms of the conventional transverse-momentum flow defined as [1] 
where p x is the transverse momentum of in the reaction plane, E dN/d 3 p is the invariant momentum distribution of a particle with E being the particle energy, and integration runs over the transverse momentum p T . These data together with results of the 3FD simulations are presented in Fig. 4 . It is surprising that agreement of the P x (y) calculated within all scenarios is much better than that in terms of v 1 (y). The crossover P x (y) almost perfectly reproduces the data at all AGS energies. Transverse-momentum spectra of protons, which are required for recalculations of P x (y) into v 1 (y), are reasonably well reproduced within all scenarios in the considered energy range [32, 51] . Figure 5 illustrates the reproduction of inverse-slope parameters of transversemass spectra of protons, which are the only quantities that are relevant to calculations of v 1 (y) and P x (y). These inverse slopes T were deduced from fitting both the experimental [52] and calculated proton spectra by the formula
where m T = m 2 + p 2 T and y are the transverse mass and rapidity, respectively. Figure 5 presents the calculated inverse-slope parameters of protons produced in Au+Au collisions at incident energies √ s N N = 3.8 and 4.3 GeV at various centralities as a function of rapidity and their comparison with the experimental data of the E917 Collaboration [52] . As seen, the agreement with the data is indeed good, especially for the crossover EoS. In view of this agreement with the data on the transversemass spectra, it is puzzling that the degrees of reproduction of the P x (y) and v 1 (y) data are so different. Experimental data are from E917 Collaboration [52] . Solid symbols correspond to measured data, while open symbols are those reflected with respect to the midrapidity.
IV. MIDRAPIDITY SLOPE OF DIRECTED FLOW
The slope of the directed flow at the midrapidity is often used to quantify variation of the directed flow with collision energy. The excitation functions for the slopes of the v 1 distributions at midrapidity are presented in Fig. 6 . As noted above, the best reproduction of the data is achieved with the crossover EoS. The proton dv 1 /dy within the first-order-transition scenario exhibits a wiggle earlier predicted in Refs. [10, 11, 15, 16] . In the present case the wiggle is mostly located in the negative range of slopes. The first-order-transition results demonstrate the worst agreement with the proton and antiproton data on dv 1 /dy. The discrepancies between experiment and the 3FD predictions are smaller for the purely hadronic EoS, however, the agreement with the 3FD model for the crossover EoS is definitely better though it is far from being perfect. All the above discussed problems of the crossover scenario at low and high collision energies reveal themselves in the dv 1 /dy plot. [20] and prior experiments with comparable acceptance cuts [13, 17] .
The crossover scenario well reproduces the pion slopes at all measured energies and the antiproton slopes at √ s N N > 10 GeV. Note that the 3FD model is poorly applicable to description of antiprotons at √ s N N < 10
GeV in view of a low antiproton multiplicity. In the case of proton slopes the crossover scenario fails both at low ( √ s N N < 5 GeV) and high ( √ s N N > 20 GeV) collision energies. The failure at low energies is still questionable because the same data but in terms of P x are almost perfectly reproduced by the crossover scenario, see Fig.  4 . As for the highest computed energy of √ s N N = 27 GeV, this simulation has been performed at the edge of computational abilities of the code. Therefore, the disagreement with the data could, at least partially, a consequence of that the 27-GeV results still suffer from insufficient accuracy. In the present paper the accuracy of the 27-GeV computation is slightly higher that in Ref. [22] : 40 cells per the Lorentz-contracted nuclear diameter instead of 35 in Ref. [22] . This made the calculated dv 1 /dy slightly closer to the experimental value: -0.077 instead of -0.086 in Ref. [22] , which however is still far from the experimental value (-0.0048).
V. CONCLUSIONS
In this study the 3FD approach has been applied for the analysis of the recent STAR data on the directed flow of identified hadrons [20] together with earlier experimental data obtained at the SPS [17] and AGS [13] . Simulations have been done with a purely hadronic EoS [29] and two versions of the EoS involving deconfinement transitions [30] -a first-order phase transition and a smooth crossover transition-in the range of incident energies √ s N N = 2.7-27 GeV. Because of stringent requirements on the accuracy of the calculations we failed to perform calculations for energies above √ s N N = 30 GeV.
The physical input of the present 3FD calculations is described in detail in Ref. [28] . No tuning (or change) of physical 3FD-model parameters and used EoS's has been done in the present study as compared to that stated in Ref. [28] . It was found that the proton directed flow within the deconfinement scenarios indeed manifests an antiflow (i.e. a negative slope of the v 1 distribution at the midrapidity), as it was predicted in Refs. [14, 15] . This antiflow is tiny for the crossover EoS, which is in agreement with the data, and quite substantial for the EoS with the first-order phase transition. In the hadronic scenario, the midrapidity slope is always positive, except for the highest considered energy of √ s N N = 27 GeV at which a tiny antiflow is observed. Note that the negative slope at midrapidity does not necessarily assume a QGP EoS. A combination of space-momentum correlations may result in a negative midrapidity slope of the directed flow in high-energy nucleus-nucleus collisions [18] .
The excitation function of the slope of the v 1 distribution at the midrapidity for protons turns out to be a smooth function of the bombarding energy without "wiggle-like" peculiarities within the hadronic and crossover scenarios. At the same time, within the firstorder-transition scenario this excitation function exhibits a wiggle earlier predicted in Ref. [10, 11, 15, 16] . In the present case the wiggle is mostly located in the negative range of slopes. The first-order-transition results demonstrate the worst agreement with the proton and antiproton data on the directed flow.
A high sensitivity of the directed flow, especially the proton one, to the nuclear EoS is found. Comparison of other bulk observables, analyzed so far [28, [31] [32] [33] [34] [35] [36] , with available data indicated a definite advantage of the deconfinement (crossover and first-order) scenarios over the purely hadronic one especially at high (RHIC) collision energies. However, predictions of the crossover and first-order-transition scenarios looked very similar so far. Only a slight preference could be given to the crossover EoS. In the case of the directed flow we can definitely conclude that the best overall reproduction of the STAR data is achieved with the crossover EoS. The first-order-transition scenario gives results which strongly differ from those in the crossover scenario, especially for the proton v 1 .
The crossover scenario well reproduces the pion v 1 at all measured energies and the antiproton flow at √ s N N > 10 GeV. Note that the 3FD model is poorly applicable to description of antiprotons at √ s N N < 10 GeV in view of a low antiproton multiplicity. In the case of proton slopes the crossover scenario fails both at low ( √ s N N < 5 GeV) and high ( √ s N N > 20 GeV) collision energies.
The failure at low energies is still questionable because the same data but in terms of P x are almost perfectly reproduced by the crossover scenario. As for the highest computed energy of √ s N N = 27 GeV, this simulation has been performed at the edge of computational abilities of the code. Therefore, the disagreement with the data could be, at least partially, caused by that the 27-GeV results still suffer from insufficient accuracy. On the other hand, this disagreement may indicate a problem in the QGP sector of the used crossover EoS.
The the QGP sector of the EoS's with deconfinement [30] was fitted to the lattice QCD data at zero net-baryon density and just extrapolated to nonzero baryon densities. The comparison with v 1 data indicates that this QGP EoS at finite baryon densities is too soft, while the same EoS at zero net-baryon density, fitted to the lattice QCD data, is quite appropriate. Indeed, within the 3FD model the baryon-free (fireball) fluid is governed by the EoS at zero net-baryon density. This fluid is a main source of antiprotons, the directed flow of which is in good agreement with the data at √ s N N = 27 GeV within the crossover scenario, and in a reasonable agreement even within the first-order-transition scenario. The protons mainly originate from baryon-rich fluids which are governed by the EoS at finite baryon densities. The too strong antiflow at √ s N N = 27 GeV within the crossover scenario is a sign of too soft QGP EoS. Predictions of the first-order-transition EoS fail even at lower collision energies, i.e. right above the wiggle in the excitation function of the proton v 1 slope, when the QGP starts to dominate in the collision dynamics. This fact indirectly supports the conjecture on a too soft QGP sector at high baryon densities in the used EoS's. The pions are produced from all (baryon-rich and baryon-free) fluids. Hence, the disagreement of the pion v 1 with data is quite moderate at √ s N N = 27 GeV.
Here it is appropriate to mention a discussion on the QGP EoS in astrophysics. In Ref. [53] it was demonstrated that the QGP EoS can be almost indistinguishable from the hadronic EoS at high baryon densities relevant to neutron stars. In particular, this gives a possibility to explain hybrid stars with masses up to about 2 solar masses (M ⊙ ), in such a way that "hybrid stars masquerade as neutron stars" [53] . The discussion of such a possibility has been revived after measurements on two binary pulsars PSR J1614-2230 [54] and PSR J0348+0432 [55] resulted in the pulsar masses of (1.97±0.04)M ⊙ and (2.01±0.04)M ⊙ , respectively. QCD motivated models show that such a "masquerade" is possible [56] : if the repulsive vector interaction is strong enough, it easily makes the QGP EoS sufficiently hard. In other words, to explain the existence of the neutron star with ∼ 2M ⊙ , a substantially large vector interaction should be expected. Probably, the results on the proton directed flow give us another indication of a required hardening of the QGP EoS at high baryon densities.
